An alternative conception for the observed differences in light bulb brightness was revealed during an unguided inquiry investigation in which prospective elementary teachers placed identical bulbs in series, parallel, and combination direct current circuits. Classroom observations, document analyses, and video and audio transcriptions led to the discovery of this alternative conception, appropriately christened 'Brightness Rules'. Assessments administered three weeks after the activity confirmed that several prospective teachers maintained the 'Brightness Rules' conception even after instructor-led intervention. Implications of the discovery of this alternative conception are discussed with respect to a previously administered assessment question that could not identify the presence of this alternative conception.
The study US national standards call for the implementation of inquiry practices (National Research Council 1996) and the integration of technology into teaching and learning (NSTA, Rationale, ¶1) . This report results from a study investigating the role of physical and computer-simulated resources when both were concurrently available for novice learners to use during unguided inquiry physics activities.
The unguided inquiry activity described in this research was titled Light bulbs in series, parallel, and combination. Students were first directed to determine and explain what happened to the brightness of otherwise identical light bulbs in a dc circuit as more and more bulbs were (a) added in series, and (b) added in parallel, and then to explain how the relative brightness of multiple bulbs could be determined when they were connected in combination circuits.
Physical equipment for each laboratory group included dry cells, snap-together cell holders, one switch, connecting wires, two digital multimeters, and at least twenty identical bulbs taken from Christmas tree light strands. Additional resources included the textbook, class notes, and a computer with access to a circuit simulation (www. physicslessons.com/exp22b.htm).
Participants
Fifty-one prospective teachers (45 females, 6 males) taking a conceptual physics course developed for middle-grade mathematics and science specialists served as participants in this study. Ranging in age from 18 to 36 years, the majority (88.2%) of participants were aged 18 to 21 years. Only 15 of the 51 students (29.4%) had taken no prior secondary or undergraduate physics course.
Setting
Course topics included physics concepts specifically addressed in the state's elementary and middle school science standards. All students met together twice per week for lecture sessions and divided into two laboratory sections, each also meeting twice per week. A total of 15 laboratory groups of 3-4 students participated in laboratory tasks that served to either reinforce or introduce physics concepts. They reflected a variety of instructional methods and incorporated varying degrees of constructivist and inquiry techniques.
Data collection instruments
Both qualitative and quantitative methods of data collection and analysis were used to analyse students' performance during the unguided inquiry activity. Sources of data included laboratory reports, video and audio recordings of volunteer student groups, and examination responses.
Light bulb circuit conceptual development
During the lecture session immediately prior to the inquiry activity, students investigated resistance, current, electrical potential difference, and power in series and parallel resistor circuits. No discussion of combination circuits (i.e., circuits having both series and parallel components) occurred prior to this inquiry activity. Student groups were to independently use the supplied circuit materials and/or the computer simulation to develop their own understandings of bulb brightness in various light bulb circuit arrangements.
Groups typically began their inquiry task by constructing and observing a circuit with one bulb. Through simple series circuit construction, all 15 laboratory groups quickly determined that the brightness of individual bulbs decreased as more bulbs were added in series, and that all bulbs within a series circuit had the same brightness. However, many groups presumed that the 'brightness' of the single bulb was a property that could be 'shared' evenly among other bulbs in the series arrangement, hence leading them to the incorrect conclusion that when a second bulb was added in series, the 'brightness' of the single bulb divided evenly among the two of them. Such reasoning could be extended to any number of bulbs and amounts to a type of 'brightness' conservation law, evidence of which can be found in their laboratory reports.
Group 2A stated this directly in their report when they wrote that 'a method to determine the relative brightness of bulbs when they are arranged is to think that the series bulbs are equal in brightness to the bulb by itself'. Furthermore, once a sufficient number of bulbs were added, there was not enough 'brightness' available for each bulb to be noticeable. However, most groups also noticed that the 'brightness' of a single bulb, or multiple bulbs in series, could be increased by adding more dry cells, leading to a belief that the 'brightness' available to a circuit was a property of the power supply and not dependent on the number of bulbs or their arrangement.
Students were generally surprised, however, to observe that the 'brightness' of the individual bulbs had no noticeable change in a parallel arrangement, even after adding four or five bulbs parallel to the original single bulb. This contradicted the belief that the total 'brightness' of a circuit was a property of the power supply. In order to eradicate this apparent conflict, some groups reasoned that each parallel branch should be treated as a separate circuit connected directly to the power supply, which allowed each of these separate branches to receive a full measure of the power supply's available 'brightness'.
The observation that, if one bulb in a parallel circuit 'went out', the 'brightness' of each other bulb remained unchanged supported this belief. Therefore, a circuit consisting solely of three bulbs in parallel would be equivalent to having three independent circuits, each separately connected to the same power supply. As separate circuits, each parallel branch obtained all of the power supply's 'brightness' available to a single bulb. As before, several groups observed that adding another dry cell to the power supply increased the 'brightness' of each bulb, which strengthened the proposed relationship between 'brightness' and the power supply.
The alternative conceptions developed in these initial steps strongly influenced rationalizations for observations made as they constructed combination circuits. In analysing a combination arrangement, students generally first equated the circuit to one comprising one or more bulbs in series. Because students had reasoned that the total brightness of a circuit was divided evenly among each bulb in series, they assumed that each of the series 'sections' in a combination circuit contained an equal amount of 'brightness', regardless of the arrangement or number of bulbs in that section. One student vocally demonstrated this idea while attempting to make sense out of one combination circuit: Although she used the word 'voltage', her question indicated an expectation that the voltage, and hence 'brightness', of each section would be identically equal to one-third of the available supply, just as it was for three single bulbs in series.
In these simple combination circuits students observed 'sections' comprising single bulbs to be equally the brightest, which made perfect sense given that these single bulbs would not have to 'share' their 'brightness' with any other bulbs. After observing that single bulbs in parallel would have the same 'brightness', it became logical to assume that all parallel branches in a section would have the same sum total 'brightness', which would be divided equally among the bulbs arranged in series in any particular parallel branch.
Another group (6A) made this belief explicit through their diagrams and statements, even though they wrote of 'current' splitting equally among the levels and then dividing 'itself equally by the number of bulbs in that level'. From their statements, it was obvious that these students had confused the circuit behaviours of current and electrical potential difference. Labelling also implied that two series bulbs in a parallel branch of one circuit would have the same brightness as two series bulbs in a parallel branch of another circuit, regardless of the number of bulbs in the other branches.
The 'Brightness Rules' summarized
Students' generalized 'Brightness Rules' include the following:
(1) The total 'brightness' available to the bulb or bulbs in a circuit is dependent on the power supply. (2) A single bulb will have all of the 'brightness' available to the circuit. (3) When additional bulbs are connected in series with one existing bulb, the 'brightness' of that single bulb becomes divided evenly among itself and each of the additional bulbs. (4) In a parallel arrangement, the total 'brightness' is divided evenly among each branch, regardless of the number of bulbs in that branch. (Note: An exception is that branches in a circuit arrangement comprising only parallel branches are treated as separate circuits, each getting all of the 'brightness' supplied by the power supply.)
Using the same form as other conservation laws, this alternative conception asserts that:
'Brightness' is a property of an electrical circuit that is solely dependent on the power supply. As such, the sum total 'brightness' in a circuit remains constant as bulbs are added to or taken from the circuit. How much brightness any single bulb gets depends on its arrangement within the circuit.
Some would contend that this conceptual model is an example of a student misconception, defined by Hasan et al (1999) 'as strongly held cognitive structures that are different from the accepted understanding in a field and that are presumed to interfere with the acquisition of new knowledge' (p 294). Heller and Finley (1992) refer to them as intuitive conceptions, which 'are logically consistent and strongly held conceptions that differ from the scientific conceptions we are attempting to teach' (p 259). Dykstra et al (1992) , however, prefer the expression alternative conception because it implies that they are 'rationally based on the students' experiences with the world and prove adequate for the person on the street to accomplish most everyday tasks . . . which cannot be written off as wrong' (p 621), which may be the more appropriate descriptor for the 'Brightness Rules'. Seven of the 15 laboratory groups provided explicit evidence that they followed these 'Brightness Rules' in their circuit analyses. Only three groups showed no support for the 'Brightness Rules' and provided explanations that would be consistent with a more scientifically accepted model.
Since this model was derived on logical consequences that resulted from direct observations, this model did provide accurate brightness comparisons in many circuit arrangements. A combination circuit containing four bulbs in which the application of these rules led to a correct relationship among bulb brightness is illustrated in figure 1.
Although the comparative order of bulb brightness in this group's report example was true, their reasons were false. This group clearly indicated the belief that 'brightness' is a property that is conserved in various portions of a circuit as the number and arrangement of bulbs are changed.
A combination circuit in which the application of these rules led to an incorrect relationship among bulb brightness is illustrated in figure 2. The illustration and accompanying statements supported their conception that 'brightness' was cut in half at a parallel portion of the circuit, and that the 'brightness' of each branch was divided equally among the bulbs contained in that branch. Statements that bulbs 4, 5, and 6 'burn at about the same intensity' and that bulbs 2 and 3 were 'only about half as bright' as either bulb 4, 5, or 6 were direct results of the application of the 'Brightness Rules'.
Post-activity intervention
It is commendable that these students developed and supported a conceptual model for light bulb brightness during their brief inquiry process, and understandable that this model was not a complete and scientifically acceptable explanation. The following day's lecture session addressed their discoveries in an attempt to ensure that all students reached an acceptable understanding of this phenomenon. During this discussion, students presented their ideas before hearing a scientifically acceptable explanation and the proper terminology used to describe these principles.
Several examples followed until students demonstrated that they could correctly reason through almost any combination circuit.
Post-activity assessment
In order to gauge the effectiveness of the postactivity intervention, an examination question administered three weeks after the activity directed students to specify the comparative brightness order of otherwise identical light bulbs in a combination circuit (figure 3).
Thirty students (58.8%) correctly stated the order of bulb brightness (i.e., C = D < F = G < B < A = E = H ) and the remaining 21 (41.2%) correctly ordered the brightness of most of the bulb sets. Thirty-five students (68.6%) correctly identified all groups of bulbs having equal brightness (i.e., A = E = H , C = D, and F = G). The remaining 16 students (31.4%) identified some sets of equally bright bulbs. However, only 16 students (31.4%) supplied correct explanations for their bulb brightness order and comparison. Six students (11.7%) offered no explanation at all, and 29 (56.9%) gave partially correct responses.
The analysis of examination question responses further revealed that 44 of the 51 students (86.3%) correctly identified bulbs A, E, and H as equally the brightest; and 45 students (88.2%) correctly named bulbs C and D as equally the dimmest. These correct comparisons could be determined even if students held on to the 'Brightness Rules' conception and applied them to this circuit.
The arrangements of bulbs B, F, and G were specifically chosen so that students holding to the 'Brightness Rules' conception would incorrectly state that these bulbs would be equally bright. This response was given by 13 of the 51 students (25.5%) and provided support that they still held the 'Brightness Rules' conception even after these ideas had been addressed in the lecture session. 
Comparison to a related study
The class's relatively successful performance on the examination's circuit question mirrored similar success rates of previous studies where students were asked to order and compare the brightness of identical light bulbs. The four circuits shown in figure 4 appeared in an article by McDermott et al (2000) expressing the need for prospective teachers to engage in inquiry activities in their study of physics.
The article described how pre-service teachers were guided through a 'step-by-step process of constructing a qualitative model that they can use to predict and explain the behaviour of simple circuits that consist of batteries and bulbs' (p 414), before being given the post-instruction assessment question shown as circuit 1(b) in figure 4 . According to the article, 'Through deductive and inductive reasoning, the students construct a model that can account for relative brightness in any circuit of batteries and bulbs' (p 414). Results indicated that 'virtually all of the K-12 teachers (n = 100) were able to predict and to explain, on the basis of the qualitative model that they had developed, that
Although no description of the 'qualitative model' that these learners developed was provided by the authors, an application of the 'Brightness Rules' alternative conception would result in the same correct brightness comparisons. Using the model, one would propose that the assessment circuit comprised two sections, each of which would obtain one-half of the circuit's total 'brightness'. It would follow that bulb A was the brightest in the circuit since it was the single bulb that would receive all the 'brightness' of its section. The equal 'brightness' of the second section would be divided evenly with half of it going to bulb E, while the other half of that section's 'brightness' would be divided in half once again, with one portion going to bulb B, making it the next brightest. Bulbs C and D would split the remaining 'brightness' equally, leading to the same correct ordering that
Correct responses to the post-test circuit shown in figure 4 have been expected to serve as indicators of students' conceptual understandings of direct current light bulb circuits. The recognition of the 'Brightness Rules' conception, however, revealed that it would be possible for students to possess an incorrect conceptual understanding and still answer the question correctly. One is therefore cautioned against assuming that the learners in McDermott and Shaffer's studies actually developed scientifically acceptable mental models to obtain their correct responses.
In spite of the authors' best intentions in their construction of the assessment item, students may have correctly specified bulb brightness order relationships using an inaccurate conception.
Discussion
Three areas of literature are linked to the findings of this study and will be used to shed some light regarding the origins and reasoning for the development of the 'Brightness Rules' conception: the nature of alternate conceptions about electrical circuits, differences in expert and novice learners, and patterns in reasoning.
The nature of alternate conceptions about electrical circuits
Students' conceptions about electrical circuits have been previously documented (see, e.g., McDermott and Shaffer 1992 , 1993 , McDermott et al 2000 , Shaffer and McDermott 1992 with reports that students had difficulty distinguishing electrical terms and concepts and often lacked a conceptual model for analysing circuit behaviour. Students believed that the direction of the current and order of circuit elements were important, that current got 'used up', and that a battery supplies constant current, regardless of the arrangement and number of circuit elements. Picciarelli et al (1991a Picciarelli et al ( , 1991b ) substantiated many of these same alternative conceptions in university students majoring in science and engineering who believed that 'the current in a circuit is not affected by a resistor until it passes through it or the current at a given circuit element is not affected by the circuit modification introduced after the element' (1991a, p 43). Many students 'considered the battery as a source of constant current' (1991b, p 59); and some students believed 'that in the circuit there is certain power at disposal which breaks up in parts proportional to the power of the bulbs' (1991b, p 62). Heller and Finley (1992) studied 14 middle school teachers' conceptions of electrical current and found that 'all of the teachers treated current as energy when they were asked to predict or compare the brightness of bulbs' (p 263). These teachers also believed that the battery was the source of the current, so that the same amount of current would exist in the circuit, regardless of the arrangement and number of light bulbs in the circuit. Many also believed that current got 'used up' by the elements in the circuit, which is considered a 'hard-core conception which persists even when contradictory evidence of the equal brightness of series bulbs is available' (p 269). Licht's (1991) research on young children's conceptions of electrical circuits showed that 'pupils do not make incidental mistakes, but show patterns of conceptual difficulties and ways of reasoning' (p 272). Licht further stated that as young students grow older, they 'use alternative conceptions more consistently' and 'do so in a more coherent way' (p 272). Heller and Finley (1992) also stated that elementary and middle school teachers in a physics course 'were found to share a common core of strongly held propositions that formed a coherent, but incorrect and contradictory model of sequential current flow' (p 259).
Students in the present study had a very brief introduction to electrical circuitry and its relevant terms. At the time of the activity, students most likely did not have a strong conceptual grasp of the meanings of terms or an accurate mental model of circuit flow, and filtered and interpreted their observations with an incomplete and inaccurate foundational understanding. Despite facing such obstacles to the development of scientifically accepted concepts during the activity, students developed their own model of light bulb brightness that was supported by many of the simple circuit arrangements they observed.
Their development of this general brightness conservation conception probably resulted from a combination of factors, including unfamiliarity with many of the scientific terms, which have different meanings in non-scientific contexts. This may be especially true with terms associated with static and current electricity. Circuit-related terms shown to cause confusion in students' minds include current, electrical potential difference (a term frequently used interchangeably with the term voltage), power, resistance, and energy. Students often used the term 'brightness' during discourse in places where either the term 'current' or 'voltage' would be more scientifically appropriate. Standard electrical circuit terms, such as current, voltage, power, and energy, were often used interchangeably, a common occurrence that McDermott and Shaffer (1992) noted when students' 'indiscriminate use of language reflected the fragmentary nature of their understanding' (p 996).
Expert and novice learners
A novice learner has been operationally defined as one who is not an expert. Experts are those who 'have acquired extensive knowledge that affects what they notice and how they organize, represent, and interpret information in their environment', which, 'in turn, affects their abilities to remember, reason, and solve problems' (Bransford et al 2000, p 31) . Novice learners have a tendency to 'perceive problem solving in physics as memorizing, recalling, and manipulating equations to get answers' (p 38). Campbell et al (2000) similarly asserted that 'procedural understanding, ideas about acceptable laboratory practice, perceptions about the purpose of the investigative task, and the physical and temporal constraints of their situation will influence the investigative behaviour of any group of students' (p 848).
Novices would therefore be those learners who did not have the necessary content knowledge to effectively recognize, organize, represent, and/or interpret information in order to successfully reason through and solve problems in that area. Bransford et al contrasted novice and expert learners as follows:
• Experts notice features and meaningful patterns of information that are not noticed by novices.
• Experts have acquired a great deal of content knowledge that is organized in ways that reflect a deep understanding of their subject matter.
• Experts' knowledge cannot be reduced to sets of isolated facts or propositions but, instead, reflects context of applicability: that is, the knowledge is 'conditionalized' on a set of circumstances.
These characteristics could explain many of this study's generalized behaviours of the novice physics learners' attempts to complete their unguided inquiry tasks. Their difficulties in recognizing and interpreting significant data could have resulted in part from their lack of knowledge about the topic of study, . . . because interpretation arises from the interplay of existing understandings and experienced world, what one observes depends on what one already knows. This means that students who do not yet know the principles will be unlikely to see just what their investigation is to show, for the very principles that are to be exhibited are prerequisite to seeing the phenomenon that is to be seen. (Roth et al 1997, pp 109-10.) The students in this study interpreted their observations in unintended ways and therefore developed the 'Brightness Rules' conception. In general, the characteristics of novices tell us that novices fail to see the 'big picture' of a problem or situation, thus causing them to focus on certain specific aspects of an activity's directives while failing to examine the relationships and relevance of the stated objectives with other factors in that particular situation. This can, and did, occur in this unguided inquiry activity.
Reasoning patterns
The most striking characteristic of novice learners that may lead them to develop alternative conceptions is that novices tend to describe potentially correlated events in terms of their observable features rather than through conceptual models. Driver et al (2000) called this practice 'phenomenon-based reasoning' (p 112), where students make no distinction between the description and explanation of the phenomena. 'Explanation is seen as a redescription of the phenomenon' (Driver et al 2000, p 114) . A student exhibiting this type of reasoning may have simply restated the observed phenomenon when asked to provide an explanation for the behaviour or provided an observational example as an explanation for a scientific question. An 'explanation' that the bulbs exhibit a certain brightness simply because they are in a certain configuration is an example of phenomenon-based reasoning.
Driver et al identified three types of reasoning: phenomenon-based, relation-based, and model-based reasoning. While these types do not necessarily represent a hierarchy in terms of the cognitive development of learners, evidence has suggested that students from elementary to high school tend to move from a dominance of phenomenon-based reasoning to relation-based reasoning. Model-based reasoning was also seen to increase with age, but this type of reasoning represented a minority of responses. Driver et al explain that these results are likely an indication of the nature and number of experiences in school science and also quite likely reflective of the manner in which students have been taught science. As students gain more experience in searching for and describing relationships among variables, they are more likely to resort to relation-based reasoning, moving towards more model-based reasoning with more knowledge and experience in a particular content area.
Novice learners in this study would therefore tend to reason through their observations with phenomenological statements about brightness in relation to the circuit arrangement. They would not use a model or relationship encompassing other circuit properties, such as current and/or electrical potential difference. As a result, when students noticed that each of the two bulbs connected in series was equal in brightness, but less intense than a single bulb connected to the same power supply, their natural explanation was simply to describe the phenomenon, such as 'the brightness of two bulbs in series adds up to equal the brightness of a single bulb' or 'when two bulbs are connected in series, they share the amount of brightness that one bulb alone would have'. No mention of any circuit properties, such as resistance, current, electrical potential difference, energy, and/or power was required for this description of the phenomenon. As they made more observations of bulb brightness in relation to circuit configurations, novice learners would continue to build their phenomenal explanations until some 'working phenomenological model' of the situation was constructed that could be applied to other similar circuit arrangements. Upon closer examination, the 'Brightness Rules' showed that each rule was simply an 'if-then' description of what the students saw or how they interpreted what they saw, in certain physical situations. The fact that the application of the 'Brightness Rules' conceptual model could correctly predict the brightness order of bulbs in many circuits served to reinforce the perceived 'correctness' of this model.
General summary of study results
Although this study was initially designed as an investigation of student patterns of choice and use during unguided inquiry activities when both physical and computer-simulated resources were available, one of the most notable results was arguably the strong support it has given for our present understanding of novice learners. The following four characteristics of novice learners were substantiated in this study: (1) novice learners focus on specific details of an objective and fail to see 'the big picture'; (2) novice learners have difficulty recognizing and interpreting data that are significant for their learning task; (3) novice learners misuse appropriate scientific terminology; and (4) novice learners need appropriate scaffolding when asked to perform learning tasks if success is desired.
The recognition of the alternative conception regarding the brightness of identical light bulbs in series, parallel, and combination circuits was an unexpected outcome of this study. The series of investigative steps leading to students' development of the 'Brightness Rules' were revealed by close analyses of videotapes, laboratory reports, and students' responses to examination questions. The result was abundant information relevant to physics educators. The examination of past studies assessing students' understanding of circuits serves as a caution to those who desire to construct assessment instruments that assess students' accurate understanding, thought processes, conceptions, and knowledge.
Impact on theory and practice
The recognition of the 'Brightness Rules' alternative conception serves as a reminder that students often interpret observations in unintended ways and construct mental models that are in contrast to accepted scientific understanding. Educators must continually assess student understanding and carefully create assessment instruments that reveal students' thoughts. Results of this study lend support to the growing emphasis on inquiry-based instructional methods, and its findings may be useful when evaluating the merits of guided, as opposed to unguided, methodologies for novice learners. Although unguided inquiry activities more closely resemble the 'authentic scientific inquiry' described by Chinn and Malhotra (2002) as 'the research that scientists actually carry out' (p 177), guided inquiry may be more appropriate for creating effective learning environments for novice learners. While not only utilizing research-proven cognitive strategies, guided inquiry would also provide more 'scaffolding', would allow for ongoing instructor assessment of the knowledge that students are constructing, and would therefore be used more effectively in transforming novice learners into expert learners. 
